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Aortic dissection is an intramedial splitting
caused by a radial tear across part of the vessel wall
connecting the lumen to the middle layers of the
wall. The initial radial tear can occur spontaneously,
as a complication of balloon angioplasty, as a result
of a motor vehicle crash (deceleration injury), or for
unknown reasons. Previous studies in our laborato-
ry1,2 have shown that the dissection tends to remain
between adjacent elastin layers and at a constant
depth. Consequently, the depth of the radial tear
determines the depth in the media at which the dis-
section propagates. 
The aorta is a large-caliber vessel that consists of
three distinct layers: the tunica intima (innermost),
the tunica media (middle), and the tunica adventitia
(outermost). The media likely determines the elastic
properties of the whole aorta, because it is the thick-
est layer in cross section and because it contains con-
centric cylindrical lamellae. These lamellae have been
described by Wolinsky and Glagov3 as the building
blocks of the artery wall, because each of these
blocks contains two sheets of fenestrated elastin that
are separated by smooth muscle cells, collagen, and
ground substance. Aortic dissections occur within
the media. The number of aortic lamellae is greatest
at the arch and decreases as the distance from the
heart increases.4 Because wall thickness is related to
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Purpose: The response of the upper and lower thoracic aorta to radial tensile stresses was
compared with the response to circumferential and longitudinal stresses to understand
the role of tensile stress in the tearing phase of an aortic dissection.
Methods: Square tissue samples (1.6 by 1.6 cm) were cut from the upper and lower seg-
ments of six porcine thoracic aortas and were elongated in the radial direction with a
tensile testing machine. The radial extensibility of the thoracic aorta was compared with
adjacent tissue samples that were tested in tension in the circumferential and longitudi-
nal directions based on Young’s modulus (ie, the ratio of tensile stress to strain).
Results: The elastic properties of the thoracic aorta in the radial direction were marked-
ly different from both the circumferential and longitudinal properties. The average
Young’s modulus (calculated immediately before failing) was significantly lower in the
radial direction for both the upper and lower thoracic segments (61.4 ± 4.3 kPa, SEM)
than the Young’s modulus of corresponding segments in the circumferential and longi-
tudinal directions that were not tested to failure (151.1 ± 8.6 kPa and 112.7 ± 9.2 kPa,
respectively; P < .05). Sections 7 m m thick were collected from four samples obtained
from one upper thoracic aorta that were strained at 0, 1.0, 2.5, and 4.0 and then stained
either with Movat’s pentachrome or with hematoxylin and eosin. Histological analysis
of the samples stressed in the radial direction revealed that smooth muscle cells were torn
loose from their attachments to each other and to adjacent elastin. 
Conclusion: Although the aorta normally functions under radial compressive stresses asso-
ciated with lumen blood pressure, these results show that the aorta tears radially at a
much lower value of stress than would have been predicted from previous studies that
have reported longitudinal and circumferential Young’s modulus. This could explain why
dissections propagate readily once the initial tear occurs. (J Vasc Surg 1999;29:703-10.)
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the number of lamellae present, the aortic wall also
becomes thinner as the distance from the heart
increases.
The elastic properties of the whole aorta are
nonlinear in the circumferential and longitudinal
directions.5 However, little work has been done on
the radial tensile strength of the media or on its
anisotropic properties, which could explain why the
dissection first propagates, rather than tearing back
through the intima or out through the adventitia.
The only previous studies that have examined the
radial elastic properties of the aorta were performed
under compression by Patel et al6 and by Dobrin.7
In their studies, the radial stress was measured in situ
under compression and was calculated from the
change in both lumen radius and wall thickness that
resulted from an increase in luminal pressure. These
results were compared with the stresses calculated in
both the longitudinal and circumferential directions.
Although these studies showed that the aortic wall is
anisotropic (ie, different mechanical properties were
exhibited in each of the three directions of testing),
no information is currently available that describes
the magnitude of the radial tearing stresses and
JOURNAL OF VASCULAR SURGERY
704 MacLean, Dudek, and Roach April 1999
A
B C
Fig 1. A, A summary of the circumferential and longitudinal Young’s moduli, calculated as a
function of strain for both the upper and lower thoracic aorta. A significant difference was
observed in the magnitude of the circumferential Young’s modulus between the upper and
lower thoracic aorta (P < .05). B, The variation of Young’s modulus calculated in the upper
thoracic aorta under radial tension showed a rapid increase in the modulus with increasing
strain for all samples tested. There was no significant difference among the samples tested. 
C, In the lower thoracic aorta, a gradual increase was observed in the Young’s modulus with
increasing strain calculated in the radial direction. No significant difference was found between
the Young’s modulus of the upper and lower thoracic aorta under radial tension.
strains on the aorta. Knowledge of these parameters
is crucial in understanding both the initial tear and
the propagation phase of aortic dissections. 
METHODS
Six porcine thoracic aortas were obtained from
an abattoir, and excess adipose tissue was removed
from the adventitial surface. Porcine aortas were
used in this study because their size and structural
composition are the same as the human thoracic
aorta.8 The aortas were opened longitudinally with
an incision between the intercostal arteries. Strips
(25 by 5 mm) were cut in the longitudinal and cir-
cumferential directions from both the upper (ie, at
the level of the second pair of intercostals) and lower
(ie, at the level of the sixth pair of intercostals)
regions of the thoracic aorta. These locations were
approximately 10 cm apart. Next, square sections
(16 by 16 mm) were cut from the same region for
radial testing. 
The thickness of each strip was measured with a
Starrett thickness gauge (model 25-881) at five ran-
dom locations and then averaged. The circular foot-
plate of the thickness gauge was 6.4 mm in diame-
ter, so that 25.7% of the surface area of the strip and
12.5% of the square were sampled during each thick-
ness measurement.
Tissue samples were mounted in an Instron ten-
sile testing machine (model 1125), which had been
modified to include a saline reservoir screwed onto
the base plate to keep the tissue samples wet. The
machine was connected to a computer, which sam-
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Table I. Variation in aortic wall thickness obtained from the upper and lower thoracic aorta and tested in
the longitudinal, circumferential, and radial directions. There was no significant difference in wall thickness
measured in different samples (P > .05).
Wall thickness (mm ± SEM)
Upper thoracic Lower thoracic
Sample Longitudinal Circumferential Radial Longitudinal Circumferential Radial
1 2.68 (0.02) 2.98 (0.10) 2.68 (0.05) 2.71 (0.04) 2.72 (0.06) 3.21 (0.01)
2 2.68 (0.04) 3.05 (0.04) 2.72 (0.02) 2.24 (0.01) 2.56 (0.04) 2.27 (0.01)
3 2.81 (0.01) 3.27 (0.05) 2.97 (0.06) 2.87 (0.01) 2.92 (0.05) 2.63 (0.03)
4 2.74 (0.01) 3.38 (0.01) 3.00 (0.02) 2.34 (0.01) 2.80 (0.02) 2.09 (0.01)
5 3.25 (0.02) 2.83 (0.05) 2.35 (0.07) 2.91 (0.01) 2.46 (0.02) 2.28 (0.02)
6 2.87 (0.01) 3.22 (0.09) 3.24 (0.08) 2.91 (0.02) 2.38 (0.04) 2.30 (0.01)
Fig 2. Porcine thoracic aorta stained with Movat’s pentachrome and viewed at · 10 magnifi-
cation before tensile testing. Elastin appears black; collagen is blue; and smooth muscle cells
appear bright pink. The arrow points to a region that contains a lower concentration of elastin
compared with the surrounding tissue. (Scale bar is 50 m m.)
pled 700 data points during each of the tests, via an
A/D converter.
The circumferential and longitudinal tensile tests
were performed in the direction of the long axis of
each sample. Radial testing was performed by
mounting the intimal and adventitial surfaces of the
tissue squares to square blocks (5 mm thick) of hard
rubber with a cyanoacrylate glue (AD-CHEM,
Montreal, Canada) that polymerized completely on
contact with the wet tissue surfaces.9 The rubber
blocks were glued to two plastic holders, which were
then mounted on the tensile testing machine. The
tissue was elongated at a constant rate of 2 mm/min
over a maximum load of 5 kg. Force versus elonga-
tion curves were collected with the computerized
data collection system.
The extensibility of the rubber-glue interface was
assessed by gluing two rubber blocks together with
the cyanoacrylate adhesive and then mounting the
blocks in the Instron machine. No elongation was
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Fig 3. The aorta was strained to 1.0, formalin-fixed, stained with Movat’s pentachrome, and
viewed at · 10 magnification. This strain corresponds to the strain at which the initial radial tear
occurred. (Scale bar is 50 m m.)
Fig 4. This sample was strained to 2.5 and formalin-fixed, but was stained with hematoxylin
and eosin. Note the circular shape of the smooth muscle cell nuclei (dark purple) in the area
where the elastin layers have been disrupted. (Scale bar is 30 m m.)
measurable when the blocks were tested to a maxi-
mum load of 5 kg with an elongation rate of 2
mm/min. 
The circumferential and longitudinal strips were
mounted in brass clamps lined with sandpaper to
prevent slippage and held together with screws. The
tissue was elongated at a constant rate of 5 mm/min
over a maximum load of 0.5 kg. The resolution of
the load cells was ± 0.5%. The maximum loads for
the radial testing (5 kg) and for the circumferential
and longitudinal testing (0.5 kg) were chosen so
that the magnitude of the maximum stress produced
in each of these experiments was independent of the
direction of testing, despite the differences in cross-
sectional area of these specimens. The maximum
stress that could be generated in the radial strips was
approximately 0.02 kg/mm2, and the maximum
stress that could be generated in the circumferential
and longitudinal directions was 0.03 to 0.04
kg/mm2. The tissue was preconditioned to mini-
mize hysteresis by cycling each specimen three times
at the same elongation rate and between loads of 0
and 0.4 kg. The curve obtained during the loading
phase of the fourth trial was not significantly differ-
ent from the curve obtained from the third trial, so
the third trial was used for the results.
Two different elongation rates were used in this
study to account for the difference between the
original length of the radial samples and the circum-
ferential and longitudinal ones. Because strain rate is
calculated from the ratio of the crosshead speed
(mm/min) to specimen length (mm), it was neces-
sary to reduce the crosshead speed used in the radi-
al tests so that the strain rate for the circumferential
and longitudinal tests used previously10,11 would be
the same. 
Strain was expressed as the ratio of the change in
length ( D L) of the sample to its initial mounted
length at zero load. The amount of lengthening was
determined from the position of the crosshead on
the Instron. Stress was defined as the force per unit
area of wall tissue perpendicular to the direction of
strain. Because the strains were large, the area was
calculated for each strain by assuming that the wall
was incompressible12 and that the volume was iden-
tical to that calculated initially from the product of
surface area and thickness for the two strips and the
product of length, width, and thickness for the
square segments.
Because the stress-strain curves were nonlinear in
all directions of testing, the slopes of these curves
(ie, Young’s modulus [E]) were calculated at strain
increments of 0.1 for comparison between different
directions of testing. 
A one-way analysis of variance and the Student-
Newman-Keuls t test13 were used to compare the
Young’s moduli for the upper and lower thoracic
aorta in each direction, and the difference was con-
sidered significant if P was less than .05. All data are
presented as the mean and the SEM.
To help understand the mechanics of tearing,
histological sectioning was performed on four
square specimens from one upper thoracic aorta.
Each of these samples were extended radially to one
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Fig 5. In this figure, the tissue was strained radially to 2.5, formalin-fixed, stained with Movat’s
pentachrome, and viewed at · 40 magnification. Regions of elastin fiber breakage are visible
(arrow). (Scale bar is 30 m m.)
of four strain values: 0, 1.0, 2.5, and 4.0. Serial sec-
tions were obtained after 3 hours of formalin fixa-
tion. These sections were cut at 7 m m and were
stained with standard Movat’s pentachrome to iden-
tify elastin,14 whereas adjacent sections were stained
with hematoxylin and eosin to identify smooth mus-
cle cells.
RESULTS
There was no statistical difference between the
Young’s moduli measured in the circumferential and
longitudinal directions up to a strain of 0.6 in the
upper or lower thoracic aorta (P > .05; Fig 1A).
However, the Young’s modulus measured at a strain
of 0.6 was significantly different between the cir-
cumferential tests in the upper (E = 554 ± 183 kPa)
and lower (E = 2249 ± 491 kPa) thoracic aorta. No
significant difference was present between the upper
and lower thoracic aorta when the wall was tested in
the longitudinal direction (P > .05).
In the radial direction, the Young’s modulus was
much lower in the lower thoracic aorta than in the
upper thoracic aorta, but this difference was not sig-
nificant, because of the large sample variance (P >
.05; Fig 1B and C). The radial modulus was lower
than both the longitudinal and circumferential mod-
uli. Because there was no significant difference
between the samples from the upper and lower tho-
racic aorta in the radial direction, the data was
pooled. Wall thickness was not significantly different
among all the samples used in this study (P > .05;
Table I). 
Histological analysis of the radial test specimens
showed that as the strain increased from 0.0 to 2.5,
there was a pronounced separation in the elastin lay-
ers and a change in orientation of smooth muscle
cell nuclei (Figs 2–5). At a strain of 0.0 and viewed
at · 10 magnification (with Movat’s staining), the
smooth muscle cells are between roughly uniformly
spaced lamellae (Fig 2). As the strain was increased
from 0.0 to 1.0, there was noticeable elastin layer
separation (Fig 3). Finally, when the tissue block was
strained to 2.5 and thus past the value at which the
wall can maintain stress, there were many holes
between the elastin layers, and in some regions, the
muscle nuclei appear to be oriented perpendicular to
the elastin lamellae rather than parallel to them, as
was seen at lower strains (Fig 4). When the tissue
was stained with hematoxylin and eosin and viewed
at · 40 magnification (Fig 5), the smooth muscle cell
nuclei appeared oval and purple and were oriented
parallel to the elastin lamellae and to each other. A
torn elastin fiber can be seen at the tip of the arrow.
Histological and gross inspection of a sample that
was extended to a strain of 4.0 was similar to that
shown in Fig 5.
DISCUSSION
Aortic dissections are known to develop within
the media of the aorta and other elastic arteries.
Once an initial tear is present, the dissection tends to
propagate between adjacent elastin layers. Previous
in vitro studies with porcine thoracic aorta have
shown that once a dissection is initiated, the depth
of the dissection (measured from the intimal surface)
is constant. Carson15 injected saline containing india
ink in the media of opened porcine thoracic aortas
while recording both the pressure and infused vol-
ume. He showed that enormous pressures (approxi-
mately 93 kPa) were required to create the initial
medial tear. To calculate the stress required to tear
the media, Carson used these pressure-volume mea-
surements and made the assumptions that (1) the
aorta is incompressible, (2) the fluid infused in the
media formed a sphere, and (3) the aorta expanded
in the surrounding space as fluid was infused into
the media. With a wall thickness of 2 mm, a peak
infusion pressure of 77 kPa, and an infused volume
of 5 m L, the stress required to tear the thoracic aorta
was 62 kPa. In the present study, we used a tensile
testing machine to tear the thoracic aorta in the radi-
al direction and found that the average stress was
61.4 ± 4.3 kPa. This represents a difference of 1.4%
between the predicted and the measured values of
radial tearing stress. 
Patel et al6 have shown that the radial properties
of the canine aortic wall in compression (ie, as the
artery is distended with an intraluminal pressure) are
slightly different from those in the circumferential
and longitudinal directions (ie, incremental radial
elastic moduli of 5.5 kg/cm2 versus circumferential
and longitudinal moduli of 7.5 and 10.1 kg/cm2,
respectively), but we have shown for the first time
that the values are enormously different in the radi-
al direction of tension. With normal conditions, the
radial stresses are compressive ones. However, once
a false lumen is formed by a dissection, radial tensile
forces must exist in the aortic wall so that the false
lumen remains patent. The depth of the initial tear
may play a role in determining the magnitude of the
radial tensile stress that can be sustained before fail-
ure, but the effect of tear depth remains to be deter-
mined.
Histological studies from a radially strained aor-
tic wall showed localized regions of damage. This
study also showed that the initial tear probably
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affects the muscles that are torn loose from their
attachments to each other and to the elastin. The
tearing strength of vascular smooth muscle has not
been determined previously to our knowledge, but
it seems likely that it is less than the tearing strength
of elastin and collagen. There is also evidence that
the fine interlamellar elastin fibers are torn when the
disruption is complete (ie, at strains more than 2.0).
Gosline16 showed with tensile testing that single
elastin fibers broke at a strain of 1.3. Fig 5 makes it
appear as if the fine elastin fibers have been torn
from their connection to the elastin lamella, rather
than torn in the middle. The nature of this connec-
tion has not been determined, and a larger quantita-
tive study with transmission electron microscopy or
scanning electron microscopy would be needed to
determine whether the breaks always occurred in
this location. Because the fine elastin fibers are at an
angle to the elastin layers, they would receive more
tensile stress than would develop in the large elastin
cylinders that form the elastic lamellae. These fine
fibers would also be more vulnerable once the mus-
cle surrounding them had been removed. The mus-
cles are almost certainly under tension and so will
recoil (leaving the clear regions histologically) with a
mechanism similar to that seen with the release of
residual stress from cutting the aorta.17,18
Collagen is known to surround the muscle
cells19 and probably increases with age. In general, it
runs parallel to the muscles and thus to the elastin
lamellae, so it may receive little tensile stress under
these testing conditions when the force is applied
radially. It might receive more tensile stress under
conditions in vivo, when the inner and outer wall of
the false lumen may stretch different amounts. The
breaking stress of collagen is 100 MPa,20 which is
much higher than the values generated under these
test conditions, and yet the wall tore apart radially.
The exact nature of the connections between the
collagen and the muscle and elastin in the inter-
lamellar space is not known, and so it is hard to
speculate whether it is torn off at its junction with
the other tissue, which appears to be the case with
elastin fibers.
In composite structures, the interconnections
between components of the tissues and the strength
and organization of the tissues themselves determine
how failure occurs. The values of stress and strain
measured at failure suggest the initial failure may be
in the muscle layer. Because dissections are thought
to increase with cystic medionecrosis, which occurs
with Marfan’s syndrome, this may well play a role.
However, the primary defect in Marfan’s syndrome
is a failure of cross-linking of both collagen and
elastin. Ehlers-Danlos type IV syndrome, which also
causes a high risk of dissection, is associated with a
defect of type III collagen. Both of these diseases are
relatively rare, and so it would not be practical to
conduct studies of the type described here, except in
large centers that have many patients with inherited
connective tissue anomalies.
These studies show that aortic wall failure is
dependent, at least to some extent, on the direction
of the imposed stress, because the aorta is more like-
ly to fail under radial tensile stress than under stress-
es applied either longitudinally or circumferentially.
Although the mechanism or mechanisms responsible
for the initial tearing phase of dissections remain
unknown, we have shown that once a radial tear has
occurred, the ability of the aorta to resist deforma-
tions caused by radial tensile stress becomes serious-
ly impaired, thereby promoting the propagation of a
dissection. 
CONCLUSION
Although the aorta normally functions under
radial compressive stresses associated with lumen
blood pressure, these results show that the aorta
tears radially at a much lower value of radial tensile
stress than would have been predicted from previous
studies that have reported longitudinal and circum-
ferential Young’s modulus. This could explain why
dissections propagate readily once the initial tear
occurs.
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